Conventional concrete marine structures are difficult to construct on site and can cause pollution of the environment. erefore, concrete marine structures require the development of methods that can minimize the amount of construction that needs to be performed in the field. is study aims at facilitating assembly through the use of precast girders and precast bent cap and at improving construction efficiency by minimizing cast-in-place structures. e proposed bridge can reduce the negative moment of the girder through continuous connection. In this study, a full-scale connection specimen with a 10.0 m span was fabricated, and the behavior of the precast connection was evaluated by performing a negative moment performance test. In addition, a finite element model was developed to compare each loading step with the test results. e failure mode of the specimen was that the reinforcing bars yielded at the joint of the cast-in-place section and the precast girder. As a result of the study, this proposed bridge is easy to construct because it minimizes the process of connecting the coping and girders using the internal connector. Also, the proposed bridge has 155% higher structural performance than the designed load at the negative moment connection part.
Introduction
Existing marine structures have faced problems such as deck damage and steel corrosion. Such problems decrease durability and structural stability and require cyclic maintenance of the structures. Given that cast-in-place concrete structures require the use of temporary facilities, this may cause difficulties in construction and damage to the marine environment. Precast concrete structures require connection of separate brackets to secure the composite performance at the joints between steel pipes and precast bent caps. As such, it is essential to improve techniques for the construction of bridges that are suitable for the marine environment and can reduce cost and construction period by minimizing on-site construction.
Many studies have been performed on marine structures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Soares et al. [11] modeled the effects of relative humidity, chloride, and temperature on the corrosion behavior of steel structures exposed to the marine atmosphere.
is study proposed a precise equation for prediction of pollution in marine conditions, and the proposed model provided more accurate predictions of corrosion behavior than existing models by adding constraints from experimental results. Zhang et al. [12] published a study on the corrosion resistance and bonding of geopolymers with hardened cement. e study documented the microstructure and pore structure of geopolymers using a number of analytical techniques. It verified that the microstructure of geopolymers contributed to the resistance to seawater diffusion and bonding with cement, making geopolymers a potential coating material for marine concrete structures. Garcia-Espinel et al. [13] investigated a marine bridge under the seawater. is study investigated the effect of seawater environment on the mechanical characteristics of various factors. is study determined the safety factor used in the structural calculation design of marine applications. Bradner et al. [14] tested a series of 1 : 5 scale reinforced concrete bridge upper structures to determine the effect of wave force on coastal highway bridges. e test system set the stiffness of the horizontal support system to characterize dynamic behaviors and presented data that show the close link between the wave height and load.
Precast concrete structures can upgrade construction performance in the field, but it is necessary to confirm their structural performance. Numerous studies on precast concrete structures have been performed to date through experimental testing and FE analysis. Caner and Zia examined an experimental structural study on link slabs using a full-scale specimen [15] . A two-span full-scale steel-concrete composite bridge was fabricated.
e behavioral characteristics of bridges were investigated at diverse boundary conditions. de la Fuente et al. [16] studied an optimized cross section using a numerical model for each precast concrete bridge construction order. Baskar et al. [17] conducted a nonlinear analysis of data from fracture tests of steel and concrete composite plate girders to determine the expected structural behavior of composite plate girders under ultimate loads. Issa and Abdalla [18] studied epoxyjointed single keys in precast concrete structures. Several specimens were fabricated to verify the shear performance and evaluate the effect of temperature on the shear strength of epoxy. e experimental results demonstrated that the failure mode of the specimen was a concrete fracture due to shear force. It was confirmed that the shear strength of the epoxy specimen improved at higher temperatures. Lee et al. [19] examined the composite behavior of an inverted T-bent cap-girder integral steel bridge through a nonlinear FE analysis. is study confirmed the validity of the proposed bridge by predicting its overall composite behavior and comparing the results with those of a test with a full-scale model. Ko et al. [20] studied the composite behavior of the new bent cap joint to ensure proper structural performance. In this study, the connecting steel girders and bent caps were subjected to a two-million-cycle fatigue test. Marí and Valdés [21] studied a continuous bridge constructed of precast concrete beams with U-shaped cross section using a 1 : 2 scale model to determine its behavior under permanent load. is study analyzed deflection and strain for 500 days and compared them with the results of a nonlinear and timedependent analysis of prestressed and reinforced concrete structures. Shah et al. [22] tested irregular bolted connections between flanges for continuous precast bulb-T girders.
e factors influencing the failure mode of the model and the load capacity of the connection were analyzed.
is study proposes an internal connector that facilitates the connection of steel pier and precast concrete bent caps.
e proposed bridge can be constructed with minimum equipment and does not require separate bracket installation. In this study, a full-scale bridge composed of precast girders and precast bent caps including internal connectors is fabricated, and the composite behavior of the connection is studied. A full-scale specimen of the connection between a precast bent cap combined with a steel pier and a precast girder was fabricated. A loading test was also performed so that negative moment could be created at the connection of the full-scale specimen and the behavior of the connection at each loading step was analyzed. e loading test of the connection was conducted based on the design load considering the marine characteristics [23, 24] . In the test, the crack pattern and final failure mode of the test bridge were investigated. Furthermore, the behavior of reinforcing bars and concrete at the key locations of the test unit was examined to confirm their composite behavior. is study develops a three-dimensional (3D) finite element model and verifies its validity by comparing the behavior in each loading step with the test results.
Proposed Precast Bridge
Cast-in-place concrete bent caps for marine structures may cause environmental problem and require temporary equipment and facilities for the formwork system. Since the proposed bridge is made of precast girder and bent cap, uniform strength can be obtained. Additionally, precast concrete bent caps involve difficult construction techniques in which separate external brackets must be installed for connection with steel piles. In this study, precast girders and precast bent caps with internal connectors, which are suitable for the marine environment, are proposed to improve joint performance and construction efficiency. Figure 1 illustrates the proposed bridge. is proposed connection system provides internal connectors between steel piers and precast bent caps. e internal connection is installed in a circular steel pier in the shape of a cross as shown in Figure 1 (a). Figure 1(b) shows precast concrete bent cap with an internal connector. After the construction of the steel pier, the precast concrete coping is installed on the pier, as shown in Figure 1(c) . When the precast bent cap is installed on the top of a circular steel pier, the internal connection supports the bent cap and can be easily placed. Bent caps, concrete girders, and part of the pier are filled by casting concrete in the field. e internal connection system is installed between a steel pier and precast coping. e upper part of the pier is filled with concrete to integrate the coping. A finishing panel is installed in the pier to control the filling depth of the concrete in the pier. After the insertion of the finishing panel, the pier cap is fixed to the top of the pier and facilitates the placement of the precast coping. e internal connectors are readily installed in the precast concrete bent caps in order to protect the composite behavior with steel piles. e internal connectors of the precast bent caps can improve appearance and eco-friendliness because no separate temporary equipment is used for the installation of the external brackets in the field.
Structurally, the proposed bridge systems minimize the cross section because of continuous sections at the supports of the existing precast concrete bridge. In the case of the simple placement of precast girders on precast bent caps, the structure behaves like simple beams. In simple bridges, a large positive moment is created at the center of the span, which increases the cross-section of the girder and thus involves higher construction and maintenance costs. e 2 Advances in Civil Engineering proposed bridge forms a frame-type structure by placing precast girders and casting concrete for continuous connection. e behavior of the bridge changes from that of simple beams to that of a continuous beam, which generates a negative moment at the support and reduces the section forces of the precast girders. Decreasing the section forces of a bridge reduces the cross section of the girders, which lowers the construction cost and improves the appearance significantly.
Experimental Program
In this study, a full-scale connection specimen with a 10.0 m span was fabricated to analyze the composite behavior of the connection part. e structural performance of the proposed systems was analyzed by performing a negative moment performance test. Figure 2 shows the geometry of the test unit. Figure 2 (a) shows the floor plan. e specimen was fabricated with a 10.0 m total length and a 1.5 m width to allow flexural behavior. e length of the precast girder was 4.7 m each. e height of the precast bent cap was designed to be 0.6 m, considering the structural stability of the girder, and the height of the steel pile was 0.5 m. e schematic of the longitudinal section is shown in Figure 2 (b). e proposed system minimizes field processes by incorporating precast members. is construction step shows only one segment; the actual structure is completed by connecting such segments laterally. e proposed bridge is simple to construct. is is because the cross section of the center span of the bridge is T-shaped and the cross section of the bridge portion is rectangular.
ere is no need to construct separate decks because slabs were included in the precast girder of the proposed structure. Moreover, it is possible to reduce marine environment pollution because cast-in-place concrete is only needed at the connection section. e placement of reinforcing bars and the fastening positions of the field assembly couplers are shown in Figure 2(d) . e field assembly couplers were fastened on both sides to minimize construction errors, and the fastening position was determined to be 0.75 m from the center of the specimen. e internal connector was installed at a depth of 150.0 mm in the bent cap. e bent cap and part of the pier were filled with concrete and integrated with the cast-in-place section during production. e diameter of the round steel pipe was 508 mm and the reinforcing bar was D29. e tensile strength of steel coupons was fabricated with five coupons, and the compressive strength of concrete specimens was fabricated with three specimens. e yield strength of steel was tested by ASTM E8 to obtain 235 MPa [25] . e compressive strength of concrete was 34.6 MPa according to ASTM C39 [26] . e specimen fabrication procedures are shown in Figure 3 . In this study, the full-scale specimen was turned upside down. A full-scale test unit is heavy, so there is a problem in setting up the test specimens after completing the test specimens. erefore, the upside-down specimen was fabricated, and a three-point static loading test was performed. As shown in Figure 3(a) , the precast girders and bent cap were factorymade. e precast bent cap with the internal connector was fabricated, as shown in Figure 3(b) . At this time, steel strain gauges were installed on the reinforcing bars embedded in the precast girders and precast bent cap. Figure 3(c) shows the fabricated steel pile with a bracket installed. After curing the precast girders, the field assembly couplers between the girders were fastened, as shown in Figure 3(d) . e precast concrete bent cap and steel pier were placed on the connected precast girders, as shown in Figure 3 (e). Figure 3(f) shows the concrete cast into the steel pile to fill the cast-in-place section, the bent cap, and the inside of the pile. When casting concrete in the connection part, one side of the formwork was made of acrylic to confirm that the cast-in-place section was filled with concrete without any voids. Figure 4 displays the installed specimen. In the case of the normal direction, two actuators are required. However, it is not possible to use two actuators at the same time without error. erefore, as mentioned earlier, upside-down specimens were prepared, and the three-point static loading test was performed. Figure 4(a) illustrates the displacement transducer and strain gauges installed on the specimen. e displacement transducer was installed at the center of the specimen to measure the deflection of the specimen due to an increase in load. A 200 mm displacement transducer was used, and the strain gauges were installed on the concrete and the reinforcing bars of cross-sections. e crack gauges were set up at the joint of the cast-in-place section and the girders to examine the point of crack formation and the number of cracks. Figure 4(b) shows the installation of the specimen. Actuators with a 2,000 kN capacity were used for loading. e test was performed at a 0.02 mm/s loading rate using the displacement control method. e supports of the specimen were set to a 7.0 m span, and enough overhead clearance was obtained for displacement measurements. e supports were installed at the actual loading positions. e supports were installed at the actual loading positions. e design load was converted to the load obtained by subtracting the moment owing to the weight from the normal bending moment [27] .
e design load moment (M) is calculated as shown in equation (1) . ∅M n is the nominal moment and M d is the self-weigh moment. e concentrated load used in the experiment was calculated by dividing the design load moment by the length, as given in equation (2) . e calculation results indicated that the cross-section of the specimen reached the design strength when the load was 448.0 kN in the test.
e cracking moment (M cr ) was calculated as in equation (3) . is experiment was set up in the upside-down direction and the self-weight moment was excluded from the cracking moment, as given in equation (4). e crack load is then determined based on the cracking moment in test (M crt ) as shown in equation (5) .
where I g is the cross-sectional secondary moment, y t is the distance from the center of the shape to the tension side, and f r is the modulus of rupture in crack.
Finite Element Analysis
In this study, finite element (FE) analysis was performed to verify the performance results of the connection where the negative moment occurs. ABAQUS was used for the FE analysis [28] . e dimensions of the FE model were the same as those of the specimen. at is, the total length was 10.0 m and the supports were simply supported at a 7.0 m apart. 3D solid elements (C3D8R) were used for concrete members and steel piers. e couplers and the reinforcing bars were also modeled as solid elements placed in the same positions as in the test specimen. e connection system is modeled individually as solid elements. In the case of the coupler and internal connector, it is assumed that it is perfect bond composites, and the node is shared with the concrete member. In addition, the cross-shaped inner support device and steel cap were combined with a steel pier using composite function (merge) within the ABAQUS program. After completing the individual part modeling, the element mesh is generated to minimize the error of each node. e results of the material test were used for the material properties of the concrete. e FE analysis considered the nonlinearity of the materials using plasticity for the reinforcing bars. Tables 1 and 2 present compressive properties and tensile properties of the concrete material, respectively. e proposed FE model used a concrete damaged plasticity model by ABAQUS programs to define the plasticity fields for the tensile and compressive behavior of the concrete [29] [30] [31] [32] . e concrete damaged plasticity FE model supplies a wide-ranging capability for concrete cracking modeling and other quasibrittle materials. It uses theories of isotropic damaged elasticity in combination with isotropic tensile and compressive plasticity to characterize the inelastic behavior of concrete. Material model in this study involves with the combination of nonassociated multihardening plasticity and isotropic damaged elasticity to define the irreparable damage that occurs during the fracturing process. e elasticity modulus of the concrete was 27537 MPa and Poisson's ratio of the concrete was 0.18. e modulus of elasticity and Poisson's ratio of the steel material were 200,000 MPa and 0.3, respectively. Figure 5 (a) displays the FE model by member. Figure 5(b) shows the joint Advances in Civil Engineeringsetup of the FE model. In this study, the girders and the cast-inplace part were divided in the FE model because the cracks in the joints were predicted as shown in Figure 5 (b). After this disconnection, the upper girder connection part was connected using rigid links and both the lower girder and the cast-in-place part were connected using spring elements. e stiffness values of the spring elements were set with reference to a previous study of the concrete crack interface modeling [33] [34] [35] [36] . Figure 5 (c) presents the loading position and boundary conditions.
Experimental and Numerical Results
e displacement results analyzed the center of the specimen. A FE analysis model for the same size as the test specimen was used in this study for comparison with the experimental results at each loading step. Figure 6 compares the load-displacement results at the center of the analysis model with the experimental results. In the experimental results, nonlinear behavior associated with the initial crack in the concrete occurred at the joint of the cast-in-place part and the precast girder when about 130.0 kN was loaded. FE analysis showed that the displacement increased more steeply after approximately 178.0 kN as the cracks propagated. As the cracks in the concrete at the joints occurred, the tensile stresses mainly occurred in the reinforcing bars. e specimen failed at roughly 711.0 kN, and a displacement of approximately 70.0 mm occurred. Experimental results indicate that all members were safe up to approximately 155% of the design load. is tendency is due to the fact that the internal connector in the coping, the bent caps, and the girders have an appropriate composite behavior in the Initially, the strain of the reinforcing bars increased linearly, but nonlinear behavior resulted from the formed concrete cracks at the joint. e reinforcing bars yielded at the maximum load of the specimen, and it is concluded that the final failure mode of the specimen was yielding of the reinforcing bars at the joint. It was also concluded that the Advances in Civil Engineering 7 couplers did not fail when the maximum load was applied. e trend of the FE analysis results was similar to that of the experimental results, but the initial strain was higher than that of the test results. It is concluded that large deformation of the reinforcing bars occurred from the beginning because the joint was connected with springs. It was confirmed that the overall behavior of the FE model proposed in this study due to the negative moment is similar to that presented by the test results. Figure 8 shows the load-strain relationship in the concrete at the center. e concrete strain increased as the tensile stress increased in the lower part of the specimen up to approximately 133.0 kN. As cracks formed in the concrete, nonlinear behavior occurred. At stresses greater than 165.0 kN, the strain decreased. is is because the concrete could no longer withstand tensile stresses due to cracking. e loadcrack displacement results at the joint between the cast-in-place part and the precast girder are shown in Figure 9 . In this study, the expected crack initiation load was predicted to be approximately 65.0 kN, based on equation (5) . At approximately 130.0 kN load, cracks formed and the cracks increased linearly. e final crack width was estimated to be approximately 2.9 mm. It is concluded that the precast concrete connection and the concrete connection at the site have an appropriate composite behavior owing to the crack load being higher than 65 kN, which is the calculated crack load in the design. 
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In this study, a FE model was used to study the tensile stress in concrete, the existence of cracks was examined, and the results were compared with the crack pattern of the specimen. Table 3 illustrates the stress distribution in the FE model for each loading step. High initial tensile stress occurred at the lower part of the joint between the girder and the cast-in-place part. As the load increased, stress was concentrated intensively toward the center at the bottom of the FE model. e stress distribution was concentrated at the location between the joint and the center of the specimen when the maximum load was applied. Table 3 presents the crack pattern predicted based on the stress distribution in the FE model. e initial crack occurred at the joint of the girder and the cast-in-place part, and cracks expanded toward the upper part of the center as the load increased. Cracks occurred throughout the lower part, and cracks were mostly distributed at the joints and the center when the maximum load was applied. e cracks formed at the center have similar shapes to those in the cast-in-place part. Figure 10 illustrates the crack pattern of the test specimen. Figure 10 (a) displays a schematic presentation of the crack pattern under the maximum load, while Figure 10(b) shows the final cracks present in the specimen. Cracks mostly occurred in a shape similar to that of the cast-in-place part. is is because the cracks were mainly present in the discontinuous surfaces of the concrete. Additionally, flexural cracks caused by the principal tensile stress occurred in the lower part of the specimen. FE analysis shows that the development of the flexural cracks was due to the composite behavior of the specimen even though cracks primarily emerged at the joints. It is concluded that the proposed finite element model can accurately predict the discontinuity of the concrete connection when the nonlinear spring element is used.
Conclusion
In this study, a full-scale specimen of the connection of a bridge with a 10.0 m span was fabricated and its structural behavior was analyzed by conducting a performance test of the connection for negative moment. Moreover, the behavior of each loading step was compared and analyzed using a finite element model. e following conclusions can be drawn:
(1) In this test, the maximum load of the test specimen was evaluated to be approximately 711.0 kN, which was 155% of the design load. e final failure mode was the reinforcing bars yielding at the joints. It was concluded that the internal connection part did not fail when the maximum load was applied. It is also concluded that the proposed bridge ensures the proper composite behavior of internal connection device, bent cap, and girder in the bent cap. e composite behavior of the proposed bridge reduces the cross section of the girder, which reduces the construction cost and greatly improves the appearance. (2) e first crack that was physically observed occurred at the joint of the girder and the cast-in-place part under a load of about 130.0 kN. It is concluded that the precast concrete connection and the concrete connection at the site have a sufficient composite behavior due to the crack load higher than 65 kN, which is the calculated crack load in the design. Cracks gradually grew in a shape similar to that of the cast-in-place part, and typical flexural cracks occurred in the entire lower part. (3) e FE analysis results showed an error of approximately 5.7% when referenced to the measured value in terms of strength. Also, the proposed FE model is similar to the nonlinear behavior of reinforcing bars. e proposed FE analysis predicted the behavior of the negative moment part similar to that of the test results. (4) e crack pattern of the analysis model was predicted.
In this analysis model, tensile stress was mainly distributed at the joints of the girder, in the cast-in-place part, and in the lower portion. Cracks were observed 
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at the joints and throughout the lower part, and the proposed finite element model can predict the discontinuity of the concrete connection similar to the actual behavior by using the nonlinear spring element.
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Additional Points
(i) Construction of conventional concrete marine structures on site is difficult and can cause environmental pollution. (ii) A new bridge system is proposed to minimize the amount of construction on site using precast structures. (iii) A full-scale connection specimen with a 10.0 m span is fabricated and tested to investigate the composite behavior of the negative moment region. (iv) A finite element model was also developed and verified against experimental results. (v) e proposed bridge ensures the composite behavior and has 155% higher capacity than the designed load at the negative moment connection region.
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